Introduction {#S5}
============

Obesity is a problem of energy imbalance with greater energy intake than expenditure. Excess energy slowly accumulates over meals to contribute to weight gain, as most adults show slow gains, with averages of 0.44 to 1.76 additional pounds each year ([@R1]--[@R4]). One determinant of energy intake may be the relative reinforcing value of food ([@R5]). Food reinforcement is associated energy intake ([@R6]) and energy intake mediates the relationship between food reinforcement and body weight ([@R7]). Food reinforcement is cross-sectionally related to body fat in children ([@R8]) and to body mass index in adults ([@R9]--[@R11]). Food reinforcement also prospectively predicts weight change in children ([@R12]), and sensitization of food reinforcement, which occurs after repeated and regular consumption of high energy dense foods ([@R13], [@R14]), predicts weight gain in adults ([@R15]).

Recent research has shown that various psychological factors may moderate the influence of food reinforcement on BMI. For example, we have shown that dietary disinhibition interacts with food reinforcement, such that those who are high in food reinforcement and dietary disinhibition have the highest BMI values ([@R16]). Dietary disinhibition also moderates the relationship between food reinforcement and energy intake, which is the primary mechanism for food reinforcement to increase body weight ([@R16]). Dietary disinhibition is thought to provide an index of responsivity to environmental cues, or the readiness to eat based on the environmental context, and high responsiveness to palatable food cues ([@R17]). In addition, dietary disinhibition is correlated with impulsivity ([@R18]), and high food reinforcement and impulsivity are cardinal characteristics of reinforcement pathology ([@R19]). Individuals with reinforcement pathology consume more food ([@R20]) and have more trouble losing weight than individuals with low food reinforcement or low impulsivity ([@R21]).

Dietary restraint also moderates the effect of food reinforcement on BMI ([@R16]), though the effect is not as strong as dietary disinhibition. Food is more reinforcing for restrained than non-restrained individuals ([@R10]), and BMI moderates the relationship between dietary restraint and the reinforcing value of food in women ([@R22]). Dietary disinhibition and restraint may not only interact with food reinforcement to cross-sectionally predict BMI, but may also interact with food reinforcement to prospectively predict weight change. This study was designed to examine the contribution of food reinforcement to weight change over one year in non-obese adults and assess the degree to which dietary disinhibition or restraint moderates this relationship.

Methods and Procedures {#S6}
======================

Participants {#S7}
------------

One hundred and fifteen non-obese adults (51 males, 64 females) were studied. The subjects were part of a larger study on food reinforcement and dopamine genetics, details of which are reported elsewhere ([@R16]). The focus of this study was weight gain in non-obese adults. We chose to study non-obese adults (BMI \< 30) to provide information relevant to development of obesity, rather than study weight gain in those who are already obese. Participants were recruited from an existing family database, newspaper ads, flyers posted around the University at Buffalo campuses and in community settings, web based recruitment (e.g. ads on Craig's list and on the department's website) and direct mailings targeted to community residents between the ages of 18--50. Participants were excluded from the study if they were taking medications associated with loss of appetite, were smokers, had diabetes, had previously been diagnosed with an eating disorder or psychiatric disorder (e.g. anxiety, depression, attention deficit hyperactivity disorder), were allergic to the ingredients in the study foods, were currently dieting, and did not rate at least a moderate liking (≥4 on a 9 point Likert scale) for five out of the six study foods. Participants received a \$50 gift certificate to local stores for completing the study. The study was approved by the University at Buffalo Health Sciences Institutional Review Board.

Procedures {#S8}
----------

Participants visited the laboratory for sessions that included baseline measurement of height and weight, assessment of food reinforcement, and collection of dietary disinhibition, dietary restraint and hunger using the Three-Factor Eating Questionnaire (TFEQ) ([@R23]), and a follow up session to collect height and weight approximately 1 year later. Baseline sessions were scheduled between the hours of 2PM and 5PM, during a normal period that individuals would consume additional calories outside of meal time for the food reinforcement task. Participants were asked to refrain from consuming food or drinking beverages, other than water, for at least 3 hours prior to the test session and to refrain from consuming the experimental foods in the 24 hours prior to the test session. Upon initial arrival to the laboratory, participants read and signed consent forms, completed a same day and 24 hour food recall and hunger questionnaires. Prior to the start of the food reinforcement session participants were provided a preload of a Luna Sunrise Blueberry Bliss, Strawberry Crumble or Vanilla Almond Breakfast bar (Clif Bar & Company; Berkeley, CA, 42g, 150kcal, 4g fat, 23g carbohydrates, 7g protein) to minimize the effects of hunger on energy intake and food reinforcement. The inclusion of a standard preload increases the ability to show individual differences in food reinforcement ([@R24]), focusing on hedonic, rather than homeostatic, hunger. The one year follow up session was scheduled at any time convenient for the participant, and no restrictions were placed on prior food consumption. Participants completed a questionnaire that assessed medication use, health history over the last year, intention to lose weight and self-reported change in weight (gained or lost at least 5 lbs). Participants then had their weight measured, were debriefed and completed payment forms.

Measurement {#S9}
-----------

### Demographics {#S10}

The Hollingshead ([@R25]) demographics questionnaire was used to assess socioeconomic status on the basis of education level, income, occupation and race.

### Height and weight {#S11}

The participant's weight and height were measured using a digital scale (TANITA Corporation of America Inc, Arlington Heights, IL) and a digital stadiometer (Measurement Concepts & Quick Medical, North Bend, WA). On the basis of height and weight data, body mass index (BMI) was calculated according to the following formula: BMI=kg/m^2^. Individuals were considered obese if their BMI was at least 30kg/m^2^ and non-obese if their BMI was less than 30kg/m^2^ ([@R26]). At one year, weight stability was defined as within \<3% change in body weight for each individual ([@R27]). Weight loss was weight reduction more than 3% of baseline weight and weight gain was greater than 3% of baseline weight.

### Food liking, hunger {#S12}

Subjective ratings of hunger were collected pre and post intake of the pre-load and after both test sessions using a 10-point Likert-type scale. Food hedonics were also measured pre and post intake of the preload and after the session for the food reinforcement session. For hunger and fullness, 1 indicated not at all hungry or not at all full and 10 indicated extremely hungry or extremely full, while for hedonics 1 indicated not liking at all and 9 indicated liking very much.

### TFEQ {#S13}

Participants completed the Three Factor Eating Questionnaire (TFEQ) a validated instrument to detect dietary restraint ([@R28]) with three subscales that assess dietary restraint, hunger and disinhibition.

### Food reinforcement task {#S14}

The reinforcing value of food was measured by determining the number of responses participants made for food or food alternatives on progressive ratio schedules of reinforcement. The experimental environment included two computer stations that participants could go back and forth between. At one station, participants could earn points toward food and at the other station they could earn points for time to spend reading *Time* and *Newsweek* magazines. This alternative activity was provided to reduce the likelihood that participants would engage in responding out of boredom. Participants were instructed on how to use the computer task and given a practice session. Following the instructions for the task, the experimenter left the room. An intercom and closed circuit video system were present in the room so the experimenter could observe the participant and the participant could communicate with the experimenter.

The reinforcement task is similar to a slot machine with shapes that rotate on the screen and a point is earned each time the three shapes match in shape and color. For every five points earned, the subject was able to receive a 70--101 kcal (14 -- 20 g) portion of his or her preferred snack food selected during the ad libitum eating session or 2 minutes of time to spend reading depending on which reward they were working for. The programmed reinforcement schedules for food and reading were progressive fixed ratio schedules with response requirements of 4, 8, 16, 32, 64, 128, 256, 512, 1,024, 2,048 and so forth for each point. Participants were instructed to perform one activity at a time (i.e. play the computer game, eat or read), and that the session would end when they no longer wished to earn points for access to food or time to spend reading. Water was provided ad libitum.

The food reinforcement task generates an overall response curve showing responding for food across the levels of reinforcement. The task also generates a total number of responses made for a reinforcer across all levels of reinforcement and was used to generate a breakpoint for responding, which was defined as the last reinforcement schedule completed for access to the food or non-food alternative. The reinforcing value of food and sedentary activity were calculated separately and the relative reinforcing value of food versus sedentary activities (RRV~FOOD~) was calculated by taking the breakpoint for food over the sum of the breakpoint for food and alternative reinforcers (BREAKPOINT~FOOD~/(BREAKPOINT~FOOD~+BREAKPOINT~READING~).

Analytic Plan {#S15}
-------------

Participant characteristics were examined for differences between a tertiary split of food reinforcement and for differences between those who did and did not participate in the 1 year session, using analysis of variance for continuous variables and chi-square for categorical variables. Hierarchical regression analyses were done to examine the effect of food reinforcement on weight and BMI change over one year and dietary disinhibition and dietary restraint as potential moderators. In the first step control variables of income and baseline age, sex and weight (or BMI) were introduced. Incremental F-tests assessed if the steps significantly increased the variance accounted for (adjusted R^2^). The second step added food reinforcement as a predictor of weight and BMI change. The third step included adding dietary disinhibition or dietary restraint and the fourth step added the interaction of these variables with food reinforcement. These variables were chosen to be studied since in previous studies they moderated the effect of food reinforcement on body weight at baseline ([@R19]).

Results {#S16}
=======

One hundred and forty-eight participants were non-obese and eligible for follow up, and 115 completed the follow-up appointment (78%). There were no differences between those who participated or did not participate in the follow-up in terms of BMI, dietary disinhibition and restraint, food reinforcement, income or education; however, those who participated in follow-up were older (34.91 ± 1.01, F~(1,146)~ = 11.52, p \< 0.01) than those who did not participate in follow-up (27.65 ± 1.89) and those who participated in follow-up were more likely to be a non-minority (22% minority, χ^2^~([@R1])~ = 7.31, p \< 0.01) than those who did not participate (45% minority). Age and minority status were included as covariates in subsequent analyses to control for these variables.

Participant characteristics divided by those low (\< 0.33, n = 48), average (≥ 0.33, \<0.75, n = 42) and high (\> 0.75, n = 25) in relative reinforcing value of food are shown in [Table 1](#T1){ref-type="table"}. An examination of a tertiary split by RRV~FOOD~ revealed significant differences in dietary hunger (F~(2,112)~ = 3.19, p = 0.04) and income (χ^2^~([@R18])~ = 31.64, p = 0.02), with individuals with high food reinforcement having higher dietary hunger and lower proportions of high income individuals. As expected, weight change (F~(2,112)~ = 3.86, p = 0.02) and food reinforcement (F~(2,112)~ = 610.60, p \< 0.01) also significantly different by group. Hypothesis testing on between group differences in in weight change revealed a significant difference between the combination of low and average groups versus the high group (F~(1,112)~ = 5.67, p = 0.02), with no differences observed between low and average groups (p \> 0.05). Similarly, a significant difference in percentage of participants who lost, were stable or gained weight was observed between the collapsed low and average versus high food reinforcement groups (χ^2^~([@R2])~ = 8.24, p = 0.02), such that 44% of individuals with high food reinforcement gained weight versus 18% of individuals with low or average food reinforcement.

Both BMI and weight change showed similar results for the hierarchical regression analysis. Only weight change will be presented for simplicity. The first step in the model, included baseline age, weight, dietary hunger, sex, minority status and income and accounted for 6.33 percent of the variance in weight gain, with none of the variables being independent predictors of weight gain. Adding RRV~FOOD~ was significantly associated with weight change (Beta = 5.79, p = 0.01) and increased the variance accounted for from 6.33 percent to 11.70 percent (F~INC(1,108)~ = 6.59, p = 0.01) (see [Table 2](#T2){ref-type="table"}). As shown in [Figure 1](#F1){ref-type="fig"}, a high RRV~FOOD~ of greater than 0.75 was associated with a weight gain of 5.38 ± 1.50 lbs. (n = 25), while the average RRV~FOOD~ group and low RRV~FOOD~ group gain approximately 0.88 ± 1.15 lbs. (n = 42) and 0.53 ± 1.08 lbs (n = 48), respectively. Tests of the moderators of food reinforcement on weight gain showed that the addition of dietary disinhibition did not significantly increase the variance in the model (R^2^ = 11.99%, F~INC(1,107)~ = 0.38, p = 0.54). The interaction between disinhibition and food reinforcement, however, significantly increased the variance to 16.69 percent (F~INC(1,106)~ = 6.14, p = 0.01) and significantly predicted weight change (Beta = 1.78, p = 0.02). Significant interactions were examined using hypothesis testing examining a tertiary split of food reinforcement (\<0.33, low; ≥0.33, \<0.75, average; ≥0.75, high) and a median split of dietary disinhibition (\<5, ≥5). Hypothesis testing examining each food reinforcement group showed that there were significant differences in weight change for individuals with high disinhibition across low and high food reinforcement (F~(1,\ 109)~ = 13.82, p \< 0.01), but not for individuals with low disinhibition (F~(1,\ 109)~ = 0.001, p = 0.97) ([Figure 2](#F2){ref-type="fig"}). Within the high disinhibition group, individuals with low food reinforcement lost 1.91 ± 1.64 lbs, while those with high food reinforcement was associated with a gain of 7.39 ± 1.89 lbs. Low disinhibition individuals did not show a differential effect of food reinforcement, with both low and high food reinforcement gaining approximately 2.27 ± 1.38 lbs and 2.36 ± 2.32 lbs respectively. Dietary restraint did not moderate the effect of food reinforcement on body weight gain.

Discussion {#S17}
==========

Food reinforcement has been previously shown to be cross-sectionally related to BMI and obesity in adults ([@R9]--[@R11]). The results presented here extend the findings that food reinforcement predicts body fat gain in children ([@R12]) and sensitization of food reinforcement predicts weight gain in adults ([@R15]). Previous research has shown that food reinforcement is related to energy intake ([@R6]), energy intake mediates the relationship between food reinforcement and body weight ([@R7]), and food reinforcement predicts weight loss in children ([@R21]). Together with the data presented here, this suggests that food reinforcement may be an important determinant of weight gain and a target for prevention of obesity, which is strengthened by the parallel findings between weight and BMI change.

Food reinforcement may differentially impact people based on their degree of dietary disinhibition, as individuals with a combination of high food reinforcement and high disinhibition had the most weight gain over one year. Disinhibition can be conceptualized as an increased responsivity to food cues, which is supported by laboratory results ([@R29]--[@R31]). Sensitivity to environmental cues for food may cause increased attention to food, which has been shown to be related to energy intake and weight change over time ([@R32]). Increased attention to food may provide additional opportunities to eat and individuals with low inhibitory control may be unable to prevent additional caloric intake ([@R33]). When combined with high food reinforcement, these individuals may have many more eating bouts or larger meals due to increased attention to food, resulting in weight gain over time. Dietary disinhibition has also been related to impulsivity ([@R18]), and previous studies have shown that a combination of high food reinforcement and impulsiveness predict greater energy intake ([@R34]) and higher BMI's ([@R20]) for both obese and lean individuals. Theoretically this may be a combination of both being highly motivated to eat and unable to control one's actions for future benefits, a concept we have termed reinforcement pathology ([@R19], [@R35]).

One implication of this data is that modifying the relative reinforcing value of food could be a target for prevention of obesity and obesity treatment programs. If individuals at risk for obesity are less motivated to eat, they will consume less food and gain less weight over time, preventing future obesity. Obese individuals may also have an easier time losing weight if they had lower food reinforcement and more enticing alternatives to food ([@R21]). One option to minimize the impact of high food reinforcement is to reduce access to highly reinforcing and energy-dense foods and work on methods for substituting healthier foods. It is well known in the behavioral economic literature that increasing price or limiting access leads to decreased purchasing, an idea can be translated in weight loss programs by modifying the food environment to limit access by stimulus or environmental control ([@R36], [@R37]). A complementary approach to increasing the cost of high energy dense foods is to focus on substitution of healthier, low energy dense or even non-food reinforcers in the place of high energy dense-foods ([@R37]). There may be individual differences in substitution that can be used to increase the propensity to substitute, which may ultimately decrease the reinforcing value of the originally preferred food. Food reinforcement for healthy foods may also be increased by consuming healthy foods following food deprivation, as food deprivation increases the reinforcing value of food ([@R38]).

In addition to interventions that target food reinforcement, it may be possible to target variables that moderate the effect of food reinforcement on body weight. Our data suggests that weight gain is the greatest for those who are high in both food reinforcement and dietary disinhibition, while those high in food reinforcement are not at great risk for weight gain if they are lower in dietary disinhibition. It may be possible to target reducing dietary disinhibition. As noted above, impulsivity is related to dietary disinhibition ([@R29]), and food reinforcement and impulsivity interact to predict energy intake ([@R20]). It is possible that techniques that reduce impulsivity, such as working memory training programs ([@R39]), may reduce food reinforcement. Dietary disinhibition is also related to responsivity to food cues, and studies have shown that attentional bias towards food words and images is predictive of weight gain over time ([@R32]). Individuals who attend to food stimuli may be more sensitive or prone to eating opportunities and may consume more calories. Modifying the relationship between food cues and eating by extinction methods to reduce cue control over eating, or modifying the allocation of attention toward food cues may be useful to reduce the influence of food reinforcement on body weight.

One limitation to this study includes the differences in age and minority status between individuals' eligible for and completed follow up weight assessment. Individuals who completed follow up were older and more likely to be non-minorities, which may impact the generalizability of the study. However, previous studies have shown that food reinforcement predicts weight gain in children ([@R12]) suggesting that younger age groups also show this relationship. While it is possible that minority populations have additional factors that influence weight change, in addition to, or to the exclusion of food reinforcement, this has not been suggested by previous cross-sectional studies of food reinforcement ([@R6]).

There is a consistent body of research on cross-sectional and prospective relationships between food reinforcement and body weight. Additional research on how food reinforcement develops should be a priority, as research on food sensitization suggests that food reinforcement can change over time based on food consumption patterns ([@R40]). Developing a better understanding of how the motivation to eat develops and how to modify the motivation to eat provides a new pathway to alter body weight and obesity.
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![Weight change over 12 months (mean ± SEM) in relation to food reinforcement, divided into three groups, relative food reinforcement less than 0.33 (low), ≥0.33 and \<0.75 (average), and greater than or equal to 0.75 (high). Food reinforcement significantly predicted weight change over one year (p = 0.01), with individuals having high food reinforcement gaining significantly more weight than those with low food reinforcement.](nihms436311f1){#F1}

![Weight change over 12 months (mean ± SEM) in relation to food reinforcement and dietary disinhibition. Dietary disinhibition was divided into two groups based on a median split of less than 5 (n = 55) and greater than or equal to 5 (n = 60) and food reinforcement was divided into three groups, relative food reinforcement less than 0.33 (low; n = 48), ≥0.33 and \<0.75 (average, n = 42), and greater than or equal to 0.75 (high, n = 25). There are significant differences in weight change across food reinforcement for individuals with high dietary disinhibition (\*p \< 0.01), but not low disinhibition (p = 0.97).](nihms436311f2){#F2}

###### 

Participant Characteristics (± SEM)

                                                     Food Reinforcement[a](#TFN1){ref-type="table-fn"}                                                   
  -------------------------------------------------- --------------------------------------------------- --------------- --------------- --------------- ---------
  N                                                  115                                                 48              42              25              
  Sex (n)(male/female)                               51/64                                               17/31           21/21           13/12           0.26
  Age                                                34.91 ± 1.04                                        36.55 ± 1.54    33.78 ± 2.29    33.78 ± 2.29    0.42
  Restraint                                          7.68 ± 0.48                                         8.04 ± 0.74     7.86 ± 0.81     6.68 ± 1.00     0.54
  Disinhibition                                      5.25 ± 0.30                                         4.81 ± 0.46     5.71 ± 0.46     5.32 ± 0.58     0.40
  Hunger                                             4.89 ± 0.31                                         4.19 ± 0.45     4.90 ± 0.50     6.20 ± 0.73     0.04
  Average Liking[\*](#TFN3){ref-type="table-fn"}     7.08 ± 0.08                                         7.05 ± 0.12     7.22 ± 0.14     6.90 ± 0.16     0.31
  Liking of favorite food                            8.40 ± 0.06                                         8.42 ± 0.10     8.38 ± 0.10     8.40 ± 0.15     0.97
  RRV~FOOD~                                          0.42 ± 0.03                                         0.13 ± 0.01     0.44 ± 0.02     0.93 ± 0.02     \<0.001
  BMI                                                24.57 ± 0.28                                        24.29 ± 0.45    24.66 ± 0.46    24.96 ± 0.48    0.64
  BMI change                                         0.25 ± 0.11                                         0.09 ± 0.16     0.11 ± 0.18     0.78 ± 0.23     0.03
  Baseline Height (in)                               66.96 ± 0.38                                        65.92 ± 0.58    67.54 ± 0.61    67.97 ± 0.80    0.06
  Baseline weight (lbs)                              157.68 ± 2.72                                       151.20 ± 4.30   160.70 ± 4.39   165.06 ± 5.77   0.11
  Weight change (lbs)                                1.71 ± 0.71                                         0.53 ± 0.99     0.88 ± 1.22     5.38 ± 1.58     0.02
  Weight change[b](#TFN2){ref-type="table-fn"} (%)                                                                                                       0.07
   Weight loss                                       12%                                                 15%             14%             4%              
   Weight stable                                     64%                                                 70%             64%             52%             
   Weight gain                                       24%                                                 15%             22%             44%             
  Education (%)                                                                                                                                          
   Some college or more                              90%                                                 94%             88%             84%             0.27
  Minority (%)                                       22%                                                 19%             26%             20%             0.68
  Income \<\$50,000 (%)                              57%                                                 48%             62%             64%             0.02

Low food reinforcement \<0.33, average food reinforcement ≥ 0.33, \<0.75, high food reinforcement ≥ 0.75

Weight loss, baseline weight loss \> 3% loss; Weight Stable, \< 3% total change; Weight gain, \> 3% gain

one unreported datapoint

###### 

Hierarchical Regression Analysis

  Effect                                       R^2^     Δ R^2^   Beta    t       P value
  -------------------------------------------- -------- -------- ------- ------- ---------
  **Step 1**                                   0.0633                            0.30
  Baseline Age                                                   0.08    0.85    0.40
  Baseline Weight                                                0.01    0.15    0.88
  Sex                                                            −1.67   −0.81   0.42
  Income                                                         −0.95   −1.98   0.05
  Minority status                                                −0.05   −0.03   0.98
  Dietary hunger                                                 −0.12   −0.52   0.60
  **Step 2**                                   0.1170   0.0537                   
  Food reinforcement                                             5.79    2.55    0.01
  F~inc(1,108)~ = 6.59, p = 0.01                                                 
  **Step 3**                                   0.1199   0.0029                   
  Dietary Disinhibition                                          −0.17   −0.60   0.55
  F~INC(1,\ 107)~ = 0.38, p = 0.54                                               
  **Step 4**                                   0.1669   0.0470                   
  Food reinforcement \*Dietary Disinhibition                     1.78    2.43    0.02
  F~inc(1,\ 106)~ = 6.14, p = 0.02                                               
